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The major dificulties in sliding mode control (SMC) design are the chattering phenomenon and a system with mismatched uncertainties. An effective design procedure is proposed to alleviate these two dificulties, while retaining the benefits achieved in conventional SMC design.
Introduction:
In a sliding mode, if the controlled system satisfies the invariance condition [ 11, the system behaviour is independent of the uncertainties and disturbances.
However, in the sliding mode control method, two major problems should be considered. First, the chattering phenomenon is highly undesirable because it may excite high-frequency unmodelled plant dynamics. Secondly, if the invariance conditions are not satisfied, the system behaviour in the sliding mode is not only govemed by the sliding surface, but also determined by the mismatched uncertainties. To solve this problem, a method has been presented [2] which uses sliding mode control for a class of systems with mismatched uncertainties. However, this method needs to satisfy other matching conditions for a reduced-order system. Furthermore, the chattering problem is not considered.
In this Letter, we consider a class of uncertain systems in which the invariance condition is not satisfied. Several important design procedures are presented. With a continuous control law, the existence and reachability of a sliding mode (the hitting phase) is established. In the sliding mode, the method guarantees asymptotic stability (the sliding phase) even if the system has mismatched uncertainties. Moreover, the chattering phenomenon is removed. 
(1) where x(t) E R" is the state vector, u(t) E Rm is the control input, and the continuous function f(x, t ) represents the uncertainties with the matched part and mismatched part, i.e. the invariance condition is not satisfied. Note thatf(x, t) is uniformly bounded with respect to time t, and locally uniformly bounded with respect to state x.
We denote the sliding surface by o(t) = 0, where the sliding function o(t) = Sx(t) is an m-state vector and S has full rank m such that SB is nonsingular. The following assumptions are needed: (i) Al: There exists a known non-negative continuous function p (.) such that IIAx, t)ll I p(x, t), where 11. 11 denotes the standard Euclidean norm.
(ii) A2: The pair (A, B) is controllable and matrix B has full rank.
Hitting phase : We can now give a continuous control input which drives the state trajectories of the system (eqn. 1) onto the sliding surface o(t) = 0 in the state space, and the system remains in it thereafter.
Theorem 1: Suppose that the uncertain system (eqn. 1) satisfies assumptions A1 and A2. Let the control input be
where P E P x m is a positive symmetric matrix, E, a 0, p (x,t) = IloT(r)Sllp(x, t) and ~( x , t) = (oT(r)SB)Tp(x, t)llloT(t)SBll. Then the state trajectories will hit the sliding surface o(t) = 0 subject to any initial condition. 
P(t) = aT(t)a(t)
Since lio*(t)Slip(x,t) = Il~(x,t)ll, we have 
-a'(t)Pcr(t) +

Now define w(t) = oT(t)Po(t), we have
0 < V(t) = V(0) + ji ?(z)dT < V(0) +
[-w(z) + & c a T ] d~
time, s
Fig. 3 Control input u(t)
Sliding phase: In this Section, we derive some conditions such that the system of eqn. 1 on the sliding surface is asymptotically stable even though the invariance condition does not hold. First, the results [4] for determining the sliding surface are as follows.
Consider the system X = Ax + Bu, let J = diag{h,, h2, ..., A,-,},
where the eigenvalues I,, j = 1, 2, ..., n -m are real, distinct. By assumption A2, matrices WE Rnn(n-m) and N E Pxn exist such that then eqn. 1 can be rewritten in the form
i where the order-reduced uncertainty f ( z ( t ) , t) has the form
. Theorem 2 will show that a system in the sliding phase is asymptotically stable.
/ 11 P 11 with P , (2 E R(n-m)x(nm) are symmetric, positive-definite matrices satisfying the Lyapunov equation 
For the control input (eqn. 2), we select P = 1, E = 9, and a = 0.01. Fig. 1 shows the state response subjected to the initial condition x(0) = [l 0 0IT. Fig. 2 displays the variation in the sliding function with respect to time. The corresponding control input is shown in Fig. 3 . It is seen from these Figures that the major problems in conventional SMC design such as the chattering phenomenon and the effect of undesirable mismatched uncertainty are both solved by this proposed design procedure. 
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